Theoretical treatment and computer simulation of microelectrode arrays by Morf, Werner E. et al.
Published in Journal of Electroanalytical Chemistry 560, issue 1, 47-56, 2006
which should be used for any reference to this work
1Theoretical treatment and computer simulation of microelectrode arrays
Werner E. Morf *, Milena Koudelka-Hep, Nicolaas F. de Rooij
SAMLAB, Institute of Microtechnology (IMT), University of Neuchaˆtel, Rue Jaquet-Droz 1, CH-2007 Neuchaˆtel, SwitzerlandAbstract
New relations for and interrelations between the current responses of diﬀerent microelectrode arrays are presented. Interdigitated
microelectrode arrays (IDAs: alternating cathodes and anodes) and uniform microband electrode arrays (MEAs: only cathodes or
anodes) are treated, and miniaturized systems with planar band electrodes or hemicylinder electrodes are discussed. A common basis
was found for the speciﬁc response characteristics of IDAs and MEAs. The theoretical expressions were veriﬁed by results from com-
puter modelling. The numerical simulations made use of ﬁnite-element procedures to evaluate steady-state and time-dependent mass
ﬂuxes and concentration proﬁles of electroactive species at the surfaces of diﬀerent microelectrode arrays. It was shown that the response
behavior of a given array can be exactly predicted from the current data of other arrays.
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method1. Introduction
The fundamental understanding and the reliable predic-
tion of diﬀusional interactions between microelectrodes is a
prerequisite for the tailored design of microelectrode
arrays. Based on this knowledge, the design criteria of
microelectrode arrays can be optimized in view of selected
applications. For example, the inter-electrode gap can be
adapted either for enhancing or for reducing the diﬀusional
coupling between the electrodes.
Besides the regular microdisk arrays, the arrays of uni-
form microband electrodes and of interdigitated microelec-
trodes are the most common conﬁgurations. For both
classes of electrode arrays, theoretical or semi-quantitative
treatments as well as computer simulations have been
developed by several groups in order to study the inﬂuence
of geometrical parameters on the diﬀusion ﬂuxes.
Already in 1986, Bard et al. treated the diﬀusional mass
transfer to a single microband electrode and to a closely* Corresponding author. Tel.: +41 32 720 52 34; fax: +41 32 720 57 11.
E-mail address: werner.morf@unine.ch (W.E. Morf).spaced microband array [1]. By digital simulation, they
demonstrated the preponderate inﬂuence of the gap size
on the collection eﬃciency. Conformal maps for modelling
the collector–generator behavior as a function of the width-
to-gap ratio for a double [2] and a triple band conﬁguration
[3] have shown a good agreement between models and
experimental data. Later, the application-speciﬁc model-
ling based on conformal mapping was successfully adopted
for simulating the current distribution at dual microband
electrodes and their eﬃciency in electrochemical titrations
[4,5]. A diﬀusion model was also exploited for characteriz-
ing the ﬂow rates in microchannels [6]. Most of these
treatments can only be considered as semi-quantitative
descriptions. However, an exact theory of the steady-state
mass ﬂuxes at interdigitated planar microelectrode arrays
was contributed by Aoki et al. [7].
The interdigitated arrays are mainly applied in a three-
electrode cell with an external counter electrode (e.g., a
platinum wire), and a generation-collection mode is
used to improve, due to the redox cycling, the electroana-
lytical sensitivity and the detection limits [1]. Therefore,
the relationship between the geometrical parameters of
2the interdigitated microelectrode arrays and the redox
cycling eﬃciency has been extensively investigated in both
stationary [8–10] and ﬂow systems [11–13].
The present contribution aims at a more fundamental
understanding of the speciﬁcations of and the interrela-
tions between diﬀerent electrode arrays. Thus, we focus
on the amperometric and chronoamperometric response
behavior of interdigitated microelectrode arrays (IDAs:
alternating cathodes and anodes) and uniform microelec-
trode arrays (MEAs: only cathodes or anodes). The diﬀu-
sion-controlled currents at IDAs and MEAs are treated
theoretically for miniaturized arrays based on planar band
electrodes and hemicylinder electrodes, respectively. A
common basis for the speciﬁc characteristics of IDAs
and MEAs is found from the principles of superimposition
of diﬀusion ﬂuxes. The theoretical expressions are veriﬁed
by computer modelling using ﬁnite-element procedures.
This leads to a deeper insight into the response behavior
of electrode arrays.2. Theory
2.1. Current response of symmetrical IDAs without external
counter electrodes
The amperometric response of IDAs based on parallel
planar microband electrodes was treated theoretically by
Aoki et al. [7,14,15]. The exact solution derived for the cur-
rent ﬂow at steady state may be written as [7]:
iel ðIDAÞ ¼ nFDC0.aLel ðband electrodesÞ; ð1Þ
a ¼ 4Kð1 pÞ=KðpÞ; ð2Þ
where iel is the diﬀusion-limited current at a single cathode
or anode of the array (sign + or  in Eq. (1)), n is the
charge number involved, F is the Faraday equivalent, D
is the diﬀusion coeﬃcient assumed to be the same for all
reacting species, C0 is the bulk concentration of the deci-
sive species, Lel is the electrode length, and a is a dimen-
sionless function given by the ratio of complete elliptic
integrals, K(1  p) and K(p), where p depends on the width
of the electrodes and on the inter-electrode distance. For
IDAs with cathodes and anodes of the same width wel, sep-
arated by gaps of the width wg, the parameter p is deﬁned
by [7]:
p ¼ 4 sinðpwg=2wÞ=ð1þ sinðpwg=2wÞÞ2; w ¼ wel þ wg;
ð3Þ
where w is the distance between the central axes of two
neighbouring electrodes.
Aoki et al. [7] described a by the series expression in Eq.
(4) which, however, turns out to be useful only for extreme
cases with p 6 0.5 and hence wg 6 0.1 wel:
a ¼ ð4=pÞ  ln½ðp=16Þ þ 8ðp=16Þ2 þ 84ðp=16Þ3
þ 992ðp=16Þ4 þ   . ð4ÞFor most relevant cases, the alternative formulation given
in Eq. (5) is more adequate since it immediately converges
for pP 0.5 and wgP 0.1wel, respectively:
a ¼ 4p= ln½ðq=16Þ þ 8ðq=16Þ2 þ 84ðq=16Þ3
þ 992ðq=16Þ4 þ   ; ð5Þ
q ¼ 1 p ¼ tan4ðpwel=4wÞ. ð6Þ
A further reduction is possible for wgP wel, leading to the
approximation:
a  p= lnð8w=pwelÞ. ð7Þ
Finally, the steady-state current response of the microband
electrode array can be approximated by Eq. (8), which
yields favourable results (see below):
iel ðIDAÞ  nFDC0  pLel=lnð8w=pwelÞ ðplanar electrodesÞ.
ð8Þ
A nearly identical relationship was derived earlier for an
array of so-called line electrodes, which are very thin hem-
icylinder electrodes of radius rel (see appendix of Ref. [16]):
iel ðIDAÞ ¼ nFDC0  pLel= lnð2w=prelÞ
ðhemicylindrical electrodesÞ. ð9Þ
It should be mentioned that systems with hemicylinder
electrodes are of more theoretical interest because they
have not been realized so far. However, they are quoted
here as a reference system for comparison.2.2. Current response of uniform MEAs versus external
counter electrodes
The current response of arrays that consist of uniform
hemicylindrical line electrodes was described earlier (see
appendix of Ref. [16]):
iel ðMEAÞ ¼ nFDC0  Lel=½p1 lnðw=2prelÞ þ dN=w
ðhemicylindrical electrodesÞ; ð10Þ
where iel is the steady-state current per electrode of length
Lel and radius rel (the sign + is used for cathodes, and the
sign  for anodes), w is the interelectrode distance, and dN
is the average thickness of the Nernstian diﬀusion layer
arising between the array and the bulk solution. This layer
is deﬁned in the classical sense as the hypothetical stagnant
diﬀusion layer formed at steady state [17]. Accordingly, dN
is directly related to the hydrodynamic boundary layer and
is controlled by the extent of natural or forced convection
in the solution. Evidently, the Nernstian layer thickness
sets an upper limit to the diﬀusion length, dt =
p
(pDt),
which enters in time-dependent descriptions of mass trans-
port to electrodes [17] (see also below).
Quite an analogous expression may be established for
arrays of uniform planar microband electrodes of width
wel. When replacing rel in Eq. (10) by wel/4, as for Eqs.
(8) and (9), the following approximation is obtained:
3iel ðMEAÞ ¼ nFDC0  bLel ðplanar electrodesÞ; ð11Þ
b  ½p1 lnð2w=pwelÞ þ dN=w1. ð12Þ
It will be shown that this result permits a nearly perfect ﬁt
of current data for MEAs.
A comparison of Eqs. (8)–(12) makes evident that a
close relationship exists between the responses of IDAs
and MEAs. As a matter of fact, any IDA (with w = wo)
can be constructed hypothetically from superimposition
of a MEA of identical geometries (w = wo) that only con-
tains anodes, and a doubly spaced MEA (w = 2wo) that
exclusively consists of doubly polarized cathodes. This
oﬀers an explanation for the fundamental new relationship
that can be derived from Eqs. (8)–(12):
i1el ðIDA;w ¼ woÞ  2i1el ðMEA;w ¼ 2woÞ
 i1el ðMEA;w ¼ woÞ; ð13Þ
respectively
a1 ðw ¼ woÞ  2b1 ðw ¼ 2woÞ  b1 ðw ¼ woÞ. ð14Þ
It is highly remarkable that exactly the same interdepen-
dence as in Eq. (13) applies when IDAs and MEAs are used
in chronoamperometric or similar non-steady-state experi-
ments, as will be shown later.2.3. Current response of IDAs versus external counter
electrodes
The former description of the current response of IDAs
relies on the steady-state condition [7] that the involved
electroactive species (oxidized (O) or reduced (R)) show
‘symmetrical’ concentration proﬁles according to the fol-
lowing equations:
CcO þ CaO ¼ 2C0O; CcR þ CaR ¼ 2C0R ð15Þ
C0O  CcO ¼ C0R  CaR; ð16Þ
where Cc and Ca are the boundary concentrations of O or
R at the cathodes and the anodes, respectively, and C0 are
the corresponding bulk concentrations. Obviously, the
simultaneous presence of both species in the bulk solution
is needed to fulﬁll the requirements for a steady-state cur-
rent ﬂow:
iel ðIDAÞ ¼ nFDðC0O  CcOÞ  aLel
¼ nFDðC0R  CaRÞ  aLel. ð17Þ
Symmetrical concentration proﬁles are found to be a prere-
quisite for the equivalence of cathodic and anodic currents.
Limiting currents according to Eq. (1) are reached if either
CcO ! 0 (for C0R P C0O) or CaR ! 0 holds (for C0O P C0R).
A diﬀerent situation is encountered when the cathodes
and the anodes of IDAs are driven separately versus exter-
nal counter electrodes. In this case, the average concentra-
tions near the electrodes, C* = 0.5 (Cc + Ca), usually
deviate from the bulk values C0. Hence, the relations given
in Eqs. (15) and (16) have to be replaced by:CcO þ CaO ¼ 2CO; CcR þ CaR ¼ 2CR ð18Þ
CO  CcO ¼ CR  CaR; ð19Þ
where CO þ CR ¼ C0O þ C0R holds. The concentration diﬀer-
ences C0  C* give rise to additional diﬀusion currents that
contribute to the total response of the electrodes:
iel ðIDA vs: CEÞ ¼ nFDðCO  CcOÞ  aLel
þ nFDðC0O  COÞ  bLel
¼ nFDðCR  CaRÞ  aLel
 nFDðC0R  CRÞ  bLel; ð20Þ
where the ﬁrst terms are positive for cathodes and negative
for anodes. The derivation of Eq. (20) obviously makes use
of a superimposition of the diﬀusion models for a conven-
tional IDA without external electrode (ﬁrst term) and for a
MEA (second term). The theoretical basis of such proce-
dures for the solution of diﬀusion problems is extensively
discussed in Crank’s work [18] and will not be repeated
here. However, a convincing illustration of the superimpo-
sition principle will be given in Section 3, where the additiv-
ity of concentration proﬁles for diﬀerent electrode arrays is
demonstrated.
Evidently, Eq. (20) constitutes the most general descrip-
tion of the steady-state response behavior exhibited by elec-
trode arrays since it covers all cases treated before. For
IDAs coupled to external electrodes, as a rule, the equiva-
lence of cathodic and anodic currents at the array elec-
trodes is usually no longer maintained. In fact, the
second terms in Eq. (20) account for the external net cur-
rent ﬂow. The limiting currents obtained for CcO ! 0 as
well as CaR ! 0 can ﬁnally be described by:
iel ðIDA vs. CEÞ ¼ nFDðC0O þ C0RÞ  0:5aLel
þ nFDðC0O  C0RÞ  0:5bLel. ð21Þ
This response function clearly deviates from the former
equation (1). The only exception is found for an IDA that
is exposed to a 1:1 mixture of O and R. Here, the second
term in Eq. (21) is eliminated and the description is reduced
to Eq. (1) with C0 ¼ C0O ¼ C0R. In all other cases, the use of
external counter electrodes changes the current behavior of
IDAs considerably. For example, the response to a pure
solution of O (with C0O ¼ C0 and C0R ¼ 0) is given by:
iel ðIDA-cathode vs. CEÞ ¼ þnFDC0  c1Lel
with c1 ¼ 0:5ðaþ bÞ; ð22aÞ
iel ðIDA-anode vs. CEÞ ¼ nFDC0  c2Lel
with c2 ¼ 0:5ða bÞ; ð22bÞ
where the ratio of the coeﬃcients c1 and c2 is comparable
(but not identical) to the collection eﬃciency of IDAs ob-
served in dynamic measurements [1]. Apparently, the re-
sponse parameters do not only depend on the geometry of
the array but also on its mode of operation, and they are
even inﬂuenced by the composition of the aqueous solution.
These predictions are conﬁrmed by both steady-state and
4time-dependent results from numerical simulations of
IDAs, as described in the following.
2.4. Computer simulation of electrode arrays
Numerical simulations of the current distribution at dif-
ferent microband electrode arrays (IDAs and MEAs) are a
suitable approach for verifying the theoretical results
derived before. In fact, the computer modelling of the
underlying diﬀusion processes can be considered as a sort
of numerical experiment. A ﬁnite-element method is found
to be a favourable choice, especially since in the present
case the calculations are greatly simpliﬁed due to the spe-
ciﬁc conditions. The full details of the procedure are given
in Appendix A. Results of these model calculations are pre-
sented and discussed in the next section.
3. Results and discussion
3.1. Studies on IDAs without external counter electrodes
To analyze the current response of IDAs based on
microband electrodes, the underlying diﬀusion processes
were studied using computer simulations (see Appendix
A). Finite-element procedures based on the following
parameters were generally applied. The unit cell contained
two half-electrodes of the same width and an intermediate
gap of variable width, and its range in y-direction covered
the average Nernstian diﬀusion layer. Unless otherwise
speciﬁed, the electrode width extended over 10 elements
and the diﬀusion layer over 98 elements. For simplicity, it
was assumed that C0O ¼ C0R holds, so that Eq. (1) can be
applied with either of the two concentrations for compari-
son. All calculations were performed with conventional MS
Excel software (Microsoft Corporation).
Results obtained for several IDAs that diﬀer in the gap
width are summarized in Table 1. The values a found from
the computer simulations are compared with theoretical
values according to Eqs. (5) and (7). Evidently, there is a
very close agreement between the numerical results deter-
mined from the ﬁnite-element method and the exact values
based on Eq. (5), the relative deviations being 61%Table 1
Values a of the current response in Eq. (1) for IDAs in symmetrical
arrangementsa
w/wel a (ﬁnite-element) a (Eq. (5)) a (Eq. (7))
1.5 2.564 2.559 2.344
2 1.984 2.000 1.930
1.984b 2.000b 1.930b
1.976c
3 1.548 1.563 1.545
4 1.348 1.361 1.354
a Details on the calculations and on the parameters used are given in the
text.
b For a diﬀusion layer of 58 instead of 98 elements (i.e., dN/wel = 5.8).
c For an electrode width of 2 · 10 elements and a diﬀusion layer of
2 · 58 elements.throughout. This clearly conﬁrms that the present com-
puter simulations are capable of a quite realistic modelling
of diﬀusion processes at electrode arrays. Furthermore, the
good correlation can be considered as a ﬁnal proof for the
validity of the theoretical equations. Table 1 includes also
some information on the quality of the approximation
given in Eq. (7). As a rule, the deviations from the exact
results according to Eq. (5) are 61% for IDAs with
wg > wel, but up to 8% for very close arrays of electrodes.
Calculations were also performed for a given system
using a diﬀerent thickness of the Nernstian diﬀusion layer
or a larger number of ﬁnite elements per electrode width
(Table 1). The results clearly conﬁrm that the diﬀusion
layer has actually no inﬂuence on the value a, as is expected
from theory (see Eqs. (5) and (7)). This implies, of course,
that the current response is here completely independent of
any convection inﬂuences in the bulk solution. It should
however be mentioned that this is only true for IDAs with
dN 0.5 wg. An even more important issue is that the
results for a are found to be nearly insensitive to the num-
ber of elements chosen per unit cell. Obviously, computa-
tions using a ﬁner-meshed grid of elements do not bear
any advantages. Thus, the usual procedure with 10 ele-
ments per electrode width turns out to be near the
optimum.
Fig. 1 illustrates the steady-state concentration proﬁles
for oxidized and reduced species near the array electrodes.
The whole solution range shown corresponds to about one
third of the Nernstian layer. The proﬁles for O and R are
found to be perfectly symmetrical, which agrees with the
expectations for an IDA when no external electrodes are
involved. Evidently, signiﬁcant gradients of the concentra-
tions are restricted to a very thin boundary zone the thick-
ness of which is comparable to the interelectrode distance.
Virtually no gradients arise between this region and the
bulk solution.
3.2. Studies on uniform MEAs versus external counter
electrodes
Computer simulations were also made for uniform
microband electrode arrays in contact with a bulk solution
of O, i. e., with C0O ¼ C0 and C0R ¼ 0. In Table 2, the
derived numerical values b are compared with the ones
quoted from Eq. (12). Surprisingly, a nearly perfect corre-
lation between the two sets of data is found. In fact, the rel-
ative deviations are <1% throughout. This documents both
the capability of the numerical method and the applicabil-
ity of the theoretical expression introduced in this work.
According to Table 2, the current response of MEAs
depends on the thickness of the Nernstian diﬀusion layer.
This observation clearly contrasts with the former ﬁndings
for IDAs (see Table 1). However, the speciﬁc behavior of
MEAs is predicted by Eqs. (11) and (12) and is also con-
ﬁrmed by the results of the computer modelling. The agree-
ment between theory and numerical simulation is again
excellent. The observed increase of b with increasing
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Fig. 1. Concentration proﬁles for oxidized species O (a) and reduced
species R (b) near the surface of an interdigitated electrode array (IDA)
without external counter electrode. Steady-state concentrations in units of
C0 are shown for a solution area that is conﬁned in x-direction by the
centres of a cathode (front axis on the left side) and a neighbouring anode
(back axis on the left side) and extends in y-direction to 	30% of the
Nernstian layer separating the electrodes from the bulk solution. The
values were obtained from ﬁnite-element calculations with 10 elements per
electrode width, using wg = wel, dN = 9.8 wel and C
0
O ¼ C0R ¼ C0. For
electrodes of 5 lm width, the shown x–y-area corresponds to
10 lm · 15 lm.
Table 2
Values b of the current response in Eq. (11) for MEAs versus external
electrodesa
w/wel b (ﬁnite-element) b (Eq. (12))
1.5 0.152 0.153
2 0.200 0.201
0.334b 0.336b
3 0.287 0.288
4 0.363 0.364
0.571b 0.572b
a Details on the calculations and on the parameters used are given in the
text.
b For a diﬀusion layer of 58 instead of 98 elements (i.e., dN/wel = 5.8).
5w/wel is mainly due to the diﬀusion-layer-dependent term
on the right-hand side of Eq. (12).
The data in Table 2 can also be used for verifying the
interrelationship between the responses of IDAs and
MEAs, as described in Eqs. (13) and (14). From the values
b determined by the ﬁnite-element method for MEAs, one
calculates a = 2.56 and 1.96 for IDAs with w/wel = 1.5 and
2, respectively. In the second case, the value a = 1.97 is
obtained from the data for systems with a reduced diﬀusion
layer. These results are nearly identical with the true values
given in Table 1.
Concentration proﬁles for the species O and R near the
surface of a MEA are illustrated in Fig. 2. Again, the con-
centration distributions are fully symmetrical as for the
IDA system in Fig. 1. In contrast to the former case, how-
ever, the present proﬁles exhibit pronounced gradients in
the whole range shown. The reason is that a net mass trans-
port by diﬀusion through the Nernstian layer is required1 4 7 10 13 16 19 22 25 28 31
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Fig. 2. Concentration proﬁles for species O (a) and R (b) at a uniform
microband electrode array (MEA) coupled to an external electrode.
Steady-state concentrations in units of C0 are shown for an area between
the centres of two neighbouring cathodes (front and back axis on the left
side) and extending towards the bulk solution (C0O ¼ C0, C0R ¼ 0). Further
details are given in Fig. 1.
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Fig. 3. Concentration proﬁles for species O (a) and R (b) at an IDA
coupled to an external counter electrode. Steady-state concentrations in
units of 0.5C0 are shown for an area between the centres of two
neighbouring electrodes (front and back axis on the left side) and
extending towards the bulk solution (C0O ¼ C0, C0R ¼ 0). Further details
are given in Fig. 1. (a) Obtained by superimposition of Figs. 1a and 2a.
6here to maintain a current ﬂow between the IDA and the
external counter electrode.
3.3. Studies on IDAs versus external counter electrodes
In this section, some results are given on the response
behavior of IDAs when the current values at the cathodes
and the anodes are measured separately versus external
electrodes. The numerical simulations were made for elec-
trode arrays exposed to a pure solution of oxidized species
O. Table 3 contains some data on the coeﬃcients c1 and c2
that are decisive for the current response of cathodes and
anodes, respectively. It becomes evident that the results
obtained from the ﬁnite-element procedure are completely
identical with the ones based on Eq. (22). Although this
may appear as a fortuitous coincidence at ﬁrst sight, it
ﬁnally turns out to be a proof for the strictly valid principle
of superimposition of diﬀusion processes. The results
clearly demonstrate that the current ﬂows at the cathodes
and the anodes of an IDA can diﬀer considerably (here
by up to 50%) as soon as external electrodes are involved.
Fig. 3 shows the steady-state concentration distributions
of species O and R for the present case of an IDA. The pro-
ﬁles near the electrodes are quite similar to the ones
depicted in Fig. 1, but the gradients towards the bulk solu-
tion rather resemble those in Fig. 2. These analogies are
easily explained by the fact that the concentration values
in Fig. 3 actually correspond to the exact sum of the values
in Figs. 1 and 2. This perfect additivity of concentration
proﬁles was fully conﬁrmed for the studied system.
3.4. Results for the time response of IDAs and MEAs
The studies reported in the preceding sections focused
on the steady-state current response of microband
electrode arrays. In the numerical simulations, this ﬁnal
state was approximated by exposing the ﬁnite-element
system to a large number of subsequent quasi-diﬀerential
step changes with time. This implies that the computer
modelling is not restricted to steady-state investigations
but can also be used for analyzing the chronoamperometric
response behavior. Similar studies on the time-dependent
current characteristics of electrode arrays were reported
by Aoki et al. [14,15].Table 3
Values c of the current response in Eq. (22) for IDAs versus external
electrodesa
w/wel c1,2 (ﬁnite-element) 0.5 a ± 0.5b (ﬁnite-
elementb)
1.5 1.358 1.206 1.358 1.206
2 1.092 0.892 1.092 0.892
1.159c 0.825c 1.159c 0.825c
3 0.917 0.630 0.917 0.630
a Details on the calculations and on the parameters used are given in the
text.
b From computer simulations of symmetrical IDAs and MEAs.
c For a diﬀusion layer of 58 instead of 98 elements (i. e., dN/wel = 5.8).Results on the chronoamperometric response are illus-
trated in Fig. 4 for IDAs, and in Fig. 5 for MEAs. It is
shown that all curves follow exactly the same course during
a ﬁrst space of time. In this period the response simply
reﬂects the behavior of individual microband electrodes
that are not inﬂuenced by perturbations from neighbouring
electrodes. The corresponding trace, given as a solid line in
Figs. 4 and 5, was calculated from Eq. (23) which is a sim-
pliﬁed version of the result for a single microband electrode
of width wel [15]:
aðtÞ ¼ bðtÞ  wel=pðpDtÞ þ 0:97. ð23Þ
Both the IDA and the MEA with the largest interelectrode
distance follow this function during the whole time interval
studied. Electrode arrays with smaller gaps evidently show
an increasing deviation from the pure behavior of individ-
ual electrodes. For IDAs, the neighbourhood of oppositely
polarized electrodes gives rise to an ampliﬁcation of the
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Fig. 4. Chronoamperometric response curves for diﬀerent IDAs without external electrodes. Results of ﬁnite-element calculations for the current-
determining factor a in Eq. (1) are given as a function of the time t, expressed in units of w2el=D. The curves 1–4 refer to IDAs with wg/wel = 0.5, 1, 2, and 3,
respectively. The solid line shows the response of a single microband electrode according to Eq. (23). In the initial state, the whole solution contains the
bulk concentrations C0O ¼ C0R ¼ C0. For an electrode width of 5 lm and a diﬀusion coeﬃcient of 5 · 106 cm2 s1, the shown time range corresponds to
0.03 s.
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Fig. 5. Chronoamperometric response curves for diﬀerent MEAs used as cathodes versus external anodes. Curves 1–4 for the factor b in Eq. (11) refer to
MEAs with wg/wel = 0.5, 1, 2, and 3, respectively, and the solid line to a single microelectrode. The initial concentrations are C
0
O ¼ C0 and C0R ¼ 0. More
details are found in Fig. 4.
7current (see Fig. 4). For MEAs, on the other hand, the
charge ﬂow is impeded by the presence of competing elec-
trodes (see Fig. 5). It may be interesting to note that the
lowest curve in Fig. 5 roughly ﬁts to the time response of
a ‘macroelectrode’ of width w for which mass transport is
ideally unidimensional:
bðtÞ  w=pðpDtÞ. ð24Þ
It is evident from Fig. 4 that IDAs reach the ﬁnal current
level after a time period that also depends on the gap
width. The response time tr may be deﬁned as the interval
after which the function in Eq. (23) reaches the steady-state
value according to Table 1. The respective values for IDAs
with w/wel = 1.5, 2, 3, and 4 are determined as tr = 0.13,
0.31, 0.95, and 2.23, given in units of w2el=D. The ﬁrst two
response times nicely correspond with the ﬁndings inFig. 4. From these time intervals, the diﬀusion lengthp
(pDt) after tr is estimated as 0.6, 1.0, 1.7, and 2.7 wel
for the four examples of IDAs, respectively, which roughly
agrees with the actual gap width.
It was shown earlier in the theoretical section that an
interrelationship exists between the responses of IDAs
and MEAs. At steady state, this dependence was described
by Eq. (14). Very surprisingly, the same law appears to be
applicable for more general cases. Fig. 6 illustrates that the
validity of Eq. (14) is even maintained when the chrono-
amperometric response of IDAs and MEAs is considered.
This ﬁnding is highly interesting and opens new possibili-
ties for a semi-quantitative prediction of the response
behavior of microband electrode arrays.
Another fundamental interrelationship between IDAs
and MEAs was presented before in the context of IDAs
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Fig. 6. Interrelationship between the current responses of IDAs and MEAs. (a) Results for an IDA with wg/wel = 1 (a in curve 1) and for MEAs with
wg/wel = 1 and 3 (b in curves 2 and 3). (b) The same for an IDA with wg/wel = 0.5 and for MEAs with wg/wel = 0.5 and 2. The solid lines ﬁtting the curves 3
are drawn according to Eq. (14) using the results from curves 1 and 2.
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Fig. 7. Chronoamperometric responses of IDAs measured against external electrodes in a solution with C0O ¼ C0 and C0R ¼ 0. The factors c1 and c2 in
Eq. (22) for cathodic and anodic currents, respectively, are illustrated as a function of time. Results of ﬁnite-element calculations are given for IDAs with
wg/wel = 0.5 (black symbols) and 1 (white symbols). The solid lines show the corresponding functions 0.5 (a + b) and 0.5 (a  b) obtained from Figs. 4 and 5.
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9that are used in measurements versus external counter elec-
trodes. It was demonstrated that the steady-state limiting
currents at cathodes and anodes, as well as the underlying
concentration proﬁles of electroactive species, are exactly
described by superimposition of the basic IDA and MEA
cases. Fig. 7 clearly documents that the same principles
also apply for the time-dependent response behavior of
IDAs with external electrodes. The decisive factors c1 and
c2, which reﬂect the currents at the cathodes and the anodes
according to Eqs. (22a) and (22b), respectively, were deter-
mined from numerical simulations as a function of the time
(data points in Fig. 7). The results indicate a similar decay
of the cathodic current as in Figs. 4–6. In contrast, an
increase of the anodic current is here observed since the
species R are initially not present in the solution and have
ﬁrst to diﬀuse from the neighbouring cathodes. As
expected, the data points for c1 and c2 can perfectly be ﬁt-
ted by curves calculated from the values a and b in Figs. 4
and 5 (solid lines in Fig. 7). This exact agreement ﬁnally
corroborates the validity and applicability of the model
description presented in this work.
4. Conclusions
New relationships for and interrelationships between the
current responses of diﬀerent microelectrode arrays were
presented. The theoretical expressions were veriﬁed by
‘experiments’ performed by computer modelling. The
numerical simulations made use of ﬁnite-element proce-
dures to evaluate steady-state and time-dependent mass
ﬂuxes and concentration proﬁles of electroactive species
at the surfaces of IDAs and MEAs. The results clearly
showed that the response behavior of a given microelec-
trode array can be predicted either exactly or at least
semi-quantitatively from the current data of other arrays.
This knowledge opens new possibilities for a tailored
design of IDAs and MEAs.
Appendix A. Finite-element method for numerical
simulations of electrode arrays
If the electrode array is assumed to be suﬃciently large,
any eﬀects resulting from the peripheral zones can be
neglected. This leads to two fundamental simpliﬁcations
for the modelling of the diﬀusion processes. First, the con-
centrations of electroactive species become invariant with
the direction z parallel to the central axes of the array elec-
trodes. Hence, the diﬀusion problem is reduced to a two-
dimensional description in the x–y-plane, where the x-axis
interconnects all the electrodes and the y-axis is directed
from the array to the bulk solution. Second, the concentra-
tion proﬁles turn out to be symmetrical with respect to any
y–z-plane cutting the central line of an electrode. Accord-
ingly, such a plane can be treated as an impermeable wall,
and the whole diﬀusion space can be subdivided in fully
equivalent cells that reach from the center of a given elec-
trode to the center of a neighbouring one. After replacingthe unit cell by an x–y-network of ﬁnite elements (n,p) of
the same size Dx Æ Dy, the diﬀerential equations for diﬀu-
sion can be replaced by:
Jx ¼ DðCnþ1;p  Cn;pÞ=Dx ðflux in x-directionÞ; ðA:1Þ
Jy ¼ DðCn;pþ1  Cn;pÞ=Dy ðflux in y-directionÞ; ðA:2Þ
DCn;p=Dt ¼ DðCnþ1;p  2Cn;p þ Cn1;pÞ=Dx2
þ DðCn;pþ1  2Cn;p þ Cn;p1Þ=Dy2
ðsecond Fick’s lawÞ; ðA:3Þ
With Dx = Dy = d, one obtains the following change of the
concentration in the element (n,p) after an increase of the
time by the dimensionless increment s = (D/d2)Dt:
DCn;p ¼ s  ðCnþ1;p þ Cn1;p þ Cn;pþ1 þ Cn;p1  4Cn;pÞ.
ðA:4Þ
The following boundary conditions have to be consid-
ered (pNd = dN):
Cn;p¼1 ¼ Cc or Ca ðelectrode surfaceÞ; ðA:5Þ
Cn;p¼pNþ1 ¼ C0 ðbulk solutionÞ; ðA:6Þ
Cnþ1;p ¼ Cn;p ðimpermeable y–z-planeÞ; ðA:7Þ
Cn;pþ1 ¼ Cn;p ðimpermeable x–z-planeÞ; ðA:8Þ
where Eq. (A.7) is applied for the central planes perpendic-
ular to the electrode surfaces, and Eq. (A.8) for the bound-
ary elements of the solution at the substrate surface
between the electrodes. The total ﬂux Nel (mol/s) to an elec-
trode and the resulting current iel are deﬁned as:
N el ¼ Lelwel  Jy ðaverage at electrodeÞ; ðA:9Þ
iel ¼ nF  N el. ðA:10Þ
Finally, the current response can be determined as fol-
lows (neld = 0.5wel):
iel ¼ 2nFDLel 
Xnel
n¼1
ðCn;2  Cn;1Þ þ 2nFDLel  ðCnelþ1;2  Cnel;1Þ.
ðA:11Þ
The second term in Eq. (A.11), which has also been consid-
ered in earlier treatments [14], accounts for an additional
contribution arising from radial diﬀusion at the edges of
a microband electrode. On the other hand, lateral diﬀusion
is neglected for all elements with p = 1 that are identiﬁed
with the solution boundary.
To simulate the time course of concentration proﬁles,
ﬂuxes, and currents at IDAs and MEAs, we ﬁrst choose
a given initial state for the whole system of ﬁnite elements.
Then, we evaluate the changes of all quantities with an
increasing number of time intervals s, until a steady state
is ﬁnally reached for the studied system.References
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